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Abstract 
 
Investigating Self-Assembly of Linked Oligomeric PPV-Based Materials 
 
Shauna Elizabeth Ingle, M.A. 
The University of Texas at Austin, 2014 
 
Supervisor:  David A. Vanden Bout 
 
Single molecule wide-field polarization fluorescence imaging is an experimental 
method to determine the self-assembly of molecules dispersed in a thin film.  Through a 
combination of wide-field imaging and confocal spectroscopy, the effect of synthetic 
structure of the oligomeric PPV-based materials was investigated to understand the effect 
of conjugation length, role of hydrogen bonding side chains, and influence of 
regioregularity on controlling chromophore folding.    By studying alkoxy-linked and alkyl-
linked bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) units of varying lengths (three, 
five, or seven), it was determined that conjugation length controlled the extent of molecular 
ordering and emission properties.  Comparison of the experimental results to molecular 
dynamics simulations performed by collaborators confirmed that the materials became 
increasingly ordered as conjugation length increased.  Further regulation of the assembly 
can be obtained through inclusion of hydrogen bonding side chains as seen in the altered 
amine and carboxylic acid alkoxy-linked trimer BEH-PPV in contrast to the bulky side 
chain tert-butyl trimer.  The study of regio-regular (RR) and regio-random (RRa) alkoxy-
linked pentamer poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene) (MEH-
 vii 
PPV) illustrates the limited effect of regioregularity of the side chains on self-assembly.  
Through synthetic structure, it is possible to design highly ordered materials through 
control of conjugation length and selection of side chains. 
 viii 
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Chapter 1:  Introduction 
1.1 CONJUGATED POLYMERS 
 Electricity generation in the United States largely relies on fossil fuel, nuclear 
power, and hydropower with 6% of the power coming from renewable sources in 2013 
such as biomass, geothermal, solar, and wind.1  Only 0.23% of the total power was 
generated from solar sources.1  The conversion of solar power to electrical power is limited 
by the efficiencies and cost of solar cells.  Inorganic solar cells have achieved efficiencies 
as great as 44.4%2 yet remain expensive to manufacture.  Organic conjugated polymers and 
oligomers provide a low-cost, solution processable alternative.3–5  However, the highest 
device efficiency reported to date for organic thin film devices is still around 11%.2   
 These conjugated polymers possess desirable optoelectronic properties that can be 
utilized for a variety of applications beyond photovoltaics such as light emitting diodes 
(LEDs), thin-film transistors, flexible displays, and solid-state lighting.4  Their 
semiconducting and fluorescing characteristics arise from delocalized electrons along the 
π-orbital polymer backbone.5–7  Interactions with light can excite electrons in the backbone 
generating fluorescence or electron-hole pairs, excitons, which can diffuse across the chain 
or hop to a neighboring chain or molecule.6  How charge transport occurs largely depends 
on the packing of the individual molecules, or its molecular ordering, relative to other 
molecules in the substrate.6  Highly ordered molecules exhibit faster charge transfer across 
the whole chain than disordered molecules that trap charges.7,8 
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Figure 1: The conjugated structure of MEH-PPV. 
 In order for conjugated polymers like poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene], MEH-PPV, to be soluble in organic solvents, side chains must be 
included along the backbone as shown in Figure 1.6  The side chains assist in the control 
of molecular packing causing the materials to have different electronic behavior based on 
the structure.6  However, molecular packing and device performance can also be influenced 
by processing conditions such as solvent choice, annealing, and whether the material was 
spin- or drop-cast.6  Even if made of the same polymer, the resulting films have 
morphology ranging from amorphous to crystalline as characterized by techniques showing 
the surface morphology (Atomic Force Microscopy, AFM) and crystallinity (X-ray 
diffraction, XRD).6 
 Due to the large variation in film morphology in the bulk, single molecule 
experiments provide insight into the analysis of these materials and how their synthetic 
structure alters their optoelectronic properties.  The characteristics of the bulk material arise 
from the combination of features of the individual chains that compose the sample.  The 
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fluorescence of single molecule chains enables probing of their molecular shape through 
polarization studies.7  The absorption transition dipole lies along the long axis of the 
chromophore, or conjugated backbone.7,9  All of the chromophores within the single 
molecule interact resulting in an overall absorption tensor that may be measured by rotating 
the polarization of the excitation beam from 0 to π.7,9–11  A molecule is considered highly 
ordered if the anisotropy is close to 1 and disordered, or isotropic, if the anisotropy is 0.   
 
Figure 2: Illustrates that the molecule is oriented randomly within the film and that the 
lab frame is a cross section in the XY plane. 
 The anisotropy of the molecule cannot be measured directly because of the 
molecules’ orientation in three dimensional space within the film as shown in Figure 2.9,11–
13  Because of the orientation within the film, it is difficult to measure the anisotropy of the 
molecule directly.  Instead the modulation depth (M), which can be modeled from the 
anisotropy, is determined experimentally yielding the same trend as the anisotropy.  In 
order to determine the ordering within the molecule, fluorescence intensity, I, traces are fit 
to Malus’ law, Equation 1, where M is the projection of the overall absorption tensor into 
the experimental frame, ϴ is the polarization of the excitation beam, and Ф is the angle of 
maximum emission.9,10,13  The fluorescence intensity data is fit to extract the modulation 
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depth values into a histogram.  Varying orientations within the film and molecular folding 
results in a range of modulation depth values from 0 to 1 that are averaged to determine 
the overall ordering of the material.13 
)(2cos1  MI     (1) 
Polarization spectroscopy has enabled the study of many conjugated polymers 
including poly(3-hexylthiophene-2,5-diyl), P3HT, and MEH-PPV.  Hu et. al. investigated 
MEH-PPV at the single molecule level by performing polarized confocal emission 
spectroscopy and comparing the experimental results with Monte Carlo beads on a chain.9  
According to the simulations, the polymer can adopt a torroid or rod-like conformation.9  
Adachi et. al. repeated the single molecule experiments on MEH-PPV with wide-field 
polarization spectroscopy that allows for larger data collection and eliminates polarization 
distortion effects from the confocal beam.10  MEH-PPV assumes a highly ordered 
conformation, M=0.67, that corresponds to a rod-like structure upon comparison to the 
most probable conformations from Monte Carlo beads on a chain simulations.10  Another 
study of MEH-PPV was performed by correlating the polarization of the absorption 
excitation and fluorescence emission.8  The modulation depth of the emission was ~0.13 
higher than the excitation because of the emission occurring from a few chromophores.8  
Energy transfer simulations with the Förster resonance energy transfer, FRET, model 
showed that in order for the emission to occur from a small number of chromophores that 
the molecular chain must be highly ordered.8 
 MEH-PPV folds upon itself resulting in the conjugation only spanning a certain 
number of monomer units.  The average conjugation length of MEH-PPV has been found 
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to be between five to seven monomer units at room temperature through experimental and 
theoretical studies.14,15  MEH-PPV behaves differently based upon the source of the 
polymers due to chemical defects that alter the chemical structure along the backbone of 
the polymers and the orientation of the side chains, regio-random or regio-regular.  As 
shown in Figure 3, the difference between regio-regular and regio-random exists because 
of having the same side chain on one side in the regio-regular MEH-PPV.  These defects 
lower the average conjugation length of the polymers resulting in a blue shift in the 
absorption and emission spectra of the polymers.13   
 
Figure 3: Example differences between regio-regular (top) and regio-random (bottom) 
MEH-PPV. 
 In order to understand the effects of these chemical defects on the conformation of 
MEH-PPV, Bounos et. al. studied the polymers with different types and concentrations of 
defects in the backbone.13  By including the linear, rigid para-terphenyl defect at 10% and 
30% inclusion, the modulation depth of the polymers were fairly unaltered in comparison 
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to defect-free MEH-PPV.13  However, the ortho-terphenyl defect significantly lowered the 
modulation depth broadening the distribution for the 10% inclusion and making the 30% 
inclusion polymer rather isotropic.13  At 10% inclusion, the saturated defect does not appear 
to modify the distribution significantly; yet at 30%, the average modulation depth is 
lowered and broadened.13 
 Further understanding of the influence of chemical structure on the morphology of 
conjugated polymers is of utmost importance to increase the efficiency of devices like 
photovoltaics.  Successful materials for photovoltaic applications need to be highly ordered 
to facilitate energy transfer and have absorption spectra that overlap well with the solar 
spectrum.  Zhu et. al. synthesized new types of polymers based upon BEH-PPV oligomers 
that are linked by alkyl and alkoxy morphons.16  In order to understand the effect of 
conjugation length on molecular folding and spectroscopic properties, we studied the 
linked BEH-PPV trimer, pentamer, and septamer materials (Chapter 2) through single 
molecule wide-field polarization imaging and confocal spectroscopy. 16,17  The interaction 
of the conjugated units is enthalpically favorable and becomes even more desirable 
energetically as the chromophore lengthens.   
 While the chromophore size proved to strongly influence folding, it is desirable to 
further increase the molecular ordering in the materials.  In Chapter 3, we investigate 
alkoxy-linked trimers with different side chain moieties.  Two of the materials include side 
chains that will assist in the molecular folding through hydrogen bonding interactions.  As 
a control method, another material contains a bulky side chain to interfere with folding.     
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 Side chains may alter the interaction of chromophores within the polymer through 
hydrogen bonding.  However, it is important to understand how orientation of the side 
chains along the conjugated backbone effects molecular ordering because of synthesis 
considerations.  In Chapter 4, we study regio-random and regio-regular alkoxy-linked 
MEH-PPV pentamers in bulk solution and at the single molecule level to understand the 
role of side chain positioning in folding. 
1.2 METHODS 
1.2.1 Ultraviolet-Visible Absorption Spectroscopy 
UV-Vis collects the absorbance spectrum of a sample and helps determine whether 
a sample’s absorption profile overlaps with the solar emission spectrum.  Polymer samples 
were dissolved in solvent, toluene or tetrahydrofuran depending on solubility, inside an 
inert atmosphere glove box overnight.  Aliquots of the solutions were taken and further 
diluted yielding absorbance maxima of less than 0.1 with 1 nm resolution.  The spectra 
were measured by an Agilent 8543 UV-Vis using a 10 mm path length quartz cell (Starna). 
1.2.2 Fluorescence Spectroscopy 
The same diluted solutions from the UV-vis measurements were excited at a 
wavelength around the absorbance maxima by a spectrofluorometer that recorded the 
emission spectra at right angle detection, 0.1 second integration time, and 1 nm resolution 
(Horiba Jobin Yvon Fluorolog-3).  The resulting fluorescence emission spectra were 
normalized to the 0-0 peak for ease of comparison. 
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1.2.2.1 Single Molecule Fluorescence Spectroscopy 
Single molecule fluorescence spectroscopy is essential for understanding the 
emission behavior of single molecules.   Single molecules were located in the sample by 
raster scanning an argon-kryton 458 or 488 nm laser (Melles Griot 35-LTL-835 and 35-
LAL-030-208) with an objective (Zeiss 1.25 NA 100x immersion oil) across the sample 
using a piezo stage (Queensgate NPS-100A) mounted on wide-field microscope (Zeiss 
Axiovert 100) in confocal mode.  The epi-fluorescence signal was imaged by an avalanche 
photodiode (Perkin Elmer SPCM-AQRH) into LabView.  From the confocal image, the 
objective was positioned on a single molecule.  After locating the molecule, fluorescence 
spectra were collected in WinSpec by a spectrometer (Acton SP-150) and liquid nitrogen 
cooled CCD camera (Princeton Instruments LN-CCD-1340).  For each molecule, six 
spectra were collected for 30 seconds each. 
1.2.3 Wide-Field Polarization Fluorescence Imaging of Single Molecules 
 
Figure 4: Experimental setup of the wide-field imaging experiments. 
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 The preserved-solution-conformation11 single molecules were dispersed 
throughout a 200 nm thick poly(methyl methacrylate) (PMMA) film.  In order to prevent 
photooxidation during the course of the experiment, the sample was held in a mount that 
allowed nitrogen gas to flow continuously across.  As shown in Figure 4, the sample was 
placed on an objective (Zeiss 1.25 NA 100x immersion oil) attached to a wide-field 
microscope (Zeiss Axiovert 100).  An image was collected by a cooled CCD camera 
(Andor iXon+ DU-897E) every second while the electro-optical modulator (EOM, Fast 
Pulse 3079) rotated the polarization of the continuous wave 488 nm laser beam (Melles 
Griot 35-LTL-835 and 35-LAL-030-208).  Each image was collected at a different 
polarization.  Figure 5 shows a sample wide-field image of single molecules.  The series 
of 180 images was analyzed in MatLab 2010 by subtracting 10 background images to 
create fluorescence intensity traces and modulation depth histograms. 
 
 
Figure 5: A sample wide-field fluorescence image of single molecules. 
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Chapter 2: Self-Assembly of Varying Conjugation Length BEH-PPV 
Oligomers with Flexible Linkers 
2.1 INTRODUCTION 
Conjugated polymers provide a low-cost alternative to inorganic semiconductors 
for devices such as photovoltaics.  However, the highest reported organic device efficiency 
is around 11%.2   The ability to design better devices rests on having a fundamental 
understanding of how polymer structure and device processing affects optoelectronic 
properties and charge transfer.  Energy transfer in conjugated polymers is dependent on 
molecular ordering.  Because bulk material properties arise from the single molecule 
constituents of the system, it is important to study the materials at the single molecule level 
to determine how molecular structure controls their ordering.  Unfortunately, the 
diffraction limit of light places restraints on resolving molecular structure directly.  Instead 
wide-field polarization microscopy offers a way to interrogate molecular shape based on 
probing the conjugated backbone with varying polarizations of light and measuring the 
intensity of the fluorescence response. 
Previous wide-field polarization imaging studies have been combined with 
simulations to determine the folding of MEH-PPV.10  It was found that the average 
modulation depth corresponded to a highly ordered rod-like structure.10  When MEH-PPV 
folds upon itself, the conjugation length becomes limited to a set number of monomer units.  
However, the length may also vary due to chemical defects in the molecule resulting in 
different spectroscopic properties.  Alteration of the synthetic structure of PPV-based 
materials provides a way to rationally control molecular folding.13 
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Figure 6: Structures of the alkoxy-linked (top) and alkyl-linked (bottom) 
oligo(phenylenevinylene)s.16,17 
Collaborators at Southern Illinois University Carbondale synthesized linked 
oligomeric BEH-PPV as shown in Figure 6.16,17  The synthetic design of these polymers 
included a variable length bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) monomer 
units joined with flexible tetraethylene glycol (alkoxy) or alkyl linkers.  Through joining 
oligomers with flexible linkers, these materials take advantage of the ease of solution 
processing of polymers and of the fixed conjugation lengths found in small molecules.   
Previous studies of these materials have shown that lengthening the conjugation results in 
a bathochromic shift in the polymer’s absorbance and emission spectra.16   By performing 
single molecule polarization microscopy and emission spectroscopy, these new polymers 
can offer insight as to how conjugation length alters molecular ordering and spectral 
properties as well as discern the effect of linking units.   
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2.2 MATERIALS AND METHODS 
The polymers supplied by Xinju Zhu of the Plunkett Group were dissolved in 
toluene in an inert atmosphere glove box overnight at 80 ºC.  Table 1 shows the 
characterization of the polymers.  Small aliquots of the solutions were subsequently diluted 
in toluene until finally adding 5 μL to the 6% poly(methyl methacrylate) (PMMA) toluene 
solution.  A drop of the resulting PMMA solution was spin-cast at 2000 rpm for 60 seconds 
producing a 200 nm thick film on a piranha etched cover slip.  In addition to the samples, 
a blank of the 6% PMMA toluene solution was prepared. 
 
Polymer 
No. of 
Chromophores 
PDI λabs,max(nm) λem,max(nm) 
1 56 1.7 442 504 
2 29 1.5 467 539 
3 31 1.2 482 550 
4 29 1.4 441 506 
5 16 1.4 463 539 
6 16 1.3 479 547 
Table 1: Bulk solution absorption and emission maxima as well as the PDI and number 
of chromophores in each polymer.16 
After carrying the samples out of the glove box, a PMMA blank was evaluated to 
determine if any background fluorescence exists in the polymer host matrix.  An individual 
sample was placed inside the sample holder that actively flowed nitrogen across the sample 
to prevent oxidation and fluorescence quenching.  The wide-field imaging experiments 
were carried out on the setup described in Section 1.2.3.  Each of the samples showed 
approximately 30 molecules in the field of view of the CCD camera.  Data was collected 
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for about 200 molecules for each sample.  Origin was used to plot the histograms of 
modulation depths that came from the MatLab fitting. 
By changing the setup to confocal mode, the trimer and septamer alkoxy-linked 
polymers were located through confocal scanning and collecting the emission with an APD 
as described in Section 1.2.2.1.  The laser was positioned on individual molecules using 
LabView prior to collecting emission spectra in WinSpec.  To excite the trimer alkoxy-
linked polymer, a 458 nm laser line was used instead of the 488 nm line that was used for 
the septamer because of better overlap with the polymer’s absorption band overlap.   The 
resulting spectra were averaged and plotted in Igor Pro. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Wide-Field Imaging 
Figure 7 shows the measured modulation depth (M) histograms of the alkoxy-
linked and alkyl-linked BEH-PPV polymers with three, five, and seven monomer units.  
Each histogram consists of approximately 200 molecules.  The alkoxy-linked trimer has a 
higher average modulation depth (M=0.39) than the alkyl-linked trimer (M=0.30) with the 
majority of the molecules exhibiting values lower than M=0.4.  The low values correspond 
to a disordered structure.  Both the alkyl-linked and alkoxy-linked pentamer have similar 
average modulation depths, M=0.58 and M=0.59, respectively.  For the pentamers, the 
number of occurrences at each M are roughly the same from 0 to 1 elucidating that no 
preferential orientation exists.  While for the trimer materials the average modulation depth 
of the alkyl-linked polymer was lower than the alkoxy-linked, the average modulation 
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depth for the alkyl-linked septamer (M=0.80) is higher than the alkoxy-linked polymer 
(M=0.75).  Although the average values are high which correlate with highly ordered 
structures, the low modulation depth trails in Figure 7 C and F likely arise from out of plane 
molecules.  By increasing the conjugation length of the molecules from three to five to 
seven, the molecular folding can be controlled as evident through the average modulation 
depths increasing due to the chromophore size. 
 
Figure 7: Modulation depth (M) histograms of the alkyl-linked (top) and alkoxy-
linked (bottom) polymers: trimer (A and D), pentamer (B and E), and 
septamer (C and F). 17 
Slight differences in the M values of the alkyl and alkoxy linked polymers exist 
even if it is not readily apparent in Figure 7.  As listed in Table 1, a clear trend between the 
alkoxy-linked and alkyl-linked polymers does not exist because of the increase in 
modulation depth reversing for the septamer.  However, theoretically, molecular order 
should increase in the alkoxy-linker over the alkyl-linker stemming from the conformation 
Trimer Septamer Pentamer 
A
lk
y
l 
A
lk
o
x
y
 
 15 
of the linker allowing for greater inter-chain interaction and stacking.16,17  The main driving 
force for the molecular ordering in these polymers is a consequence of the enthalpy-favored 
interaction of the conjugated units along the backbone leading to π-stacking.17   By 
lengthening the conjugated unit, the interaction between units becomes more energetically 
favorable and overcomes the entropically favored disorder allowing the molecule to 
assume the shape resulting in the lowest free energy.  These factors provide an explanation 
for the clear increase in molecular ordering seen as the conjugation length increases from 
three to five to seven. 
 Trimer Pentamer Septamer 
Alkyl-linked, M 0.30±0.23 0.58±0.29 0.80±0.30 
Alkoxy-linked, M 0.39±0.23 0.59±0.32 0.75±0.28 
Simulated Alkoxy-linked, A 0.59 0.62 0.66 
Table 2: Average modulation depths (M) and anisotropy (A) of the six types of 
polymers. 
 Although it is highly desirable to determine the molecular ordering exactly, the 
diffraction limit does not allow resolving of features smaller than the greatest resolution 
possible for the experimental setup, 195.2 nm which is the Abbe diffraction limit.  
However, the overall size of the molecules is at least ten times smaller than the resolution.  
Because of experimental limitations, Kateri Dubai ran simulations of these polymers 
folding in implicit toluene using IMPACT and OPLS-SBT.17  The results of the simulations 
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are shown in Figure 8.  While the simulated anisotropy values are higher than the 
experimental M values, the same trend was found showing that as conjugation length 
lengthened, the average anisotropy shown in Table 1 increased.  The simulations provide 
a physical representation of the conformation of the polymers because of being able to view 
sample conformations of the polymers at the average anisotropy values (Figure 8).  The 
sample alkoxy-linked trimer structure appears disordered in comparison to the sample 
pentamer structure.  The sample septamer structure is even more ordered than the pentamer. 
 The differences between the results of the experiment and simulations may be 
attributed to a number of factors.  In the experiment, the single molecules were spin-cast 
from toluene into a PMMA film, not in implicit toluene.  Anisotropies could be measured 
directly in the simulations instead of determining M in the x-y plane.  Because of the 
projection into the x-y plane, M values are lower than the true anisotropy.  The simulations 
were performed on polymers with five or ten units yet the polymers studied had 16-56 
repeat units.16 
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Figure 8: Anisotropy (A) distribution of simulated alkoxy-linked trimer (left), 
pentamer (middle), and septamer (left) .17  The top histograms are of 
simulations with five repeat units; whereas the middle have ten repeat units.  
The bottom row shows simulated structures of the average anisotropy. 
2.3.2 Single Molecule Spectra 
Approximately one hundred and one hundred forty single molecule emission 
spectra were collected of the alkoxy-linked trimer and septamer, respectively.  The spectra 
were averaged to construct a single average spectrum for each polmer.  Table 2 shows the 
single molecule emission maximum of the alkoxy-linked trimer and septamer polymers.  
As expected the trimer polymer, Figure 9, has its peak emission at a lower wavelength, 509 
nm, than the septamer, 529 nm (See Figure 9).  While the individual spectra for both the 
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trimer and septamer exhibit one main peak and a side peak, the septamer averaged spectra 
appears to be a single procession.   Although spectra were not collected of the pentamer, 
the emission maximum of the material should be in between the maxima for the trimer and 
septamer materials based upon structural differences and the red shift that occurred as 
conjugation length extended in the bulk solution spectra.16  For the trimer, the emission 
maxima of the single molecule is slightly red shifted, 3 nm, from the bulk solution.16  
However, the single molecule septamer is blue shifted by 18 nm. 16  It would have been 
expected that a blue shift in emission would occur for both polymers because of the 
isolation of the trapped-solution conformation molecules in the PMMA film. 
 
Figure 9: Average single molecule spectra of the alkoxy-linked trimer.  Because of 
variance in the background, separate axes are used for the trimer (left) and 
septamer (right). 
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Previous studies have shown that a red-shift in the emission spectra corresponds to 
an increase in conjugation length.18  Based upon the red shift between the trimer and 
septamer, electron density is more delocalized over the septamer.  The experimentally 
detected red shift between the two polymers also supports closer interaction of the septamer 
units with each other, as seen in theoretical models, leading to an increase in molecular 
order in comparison to the trimer and pentamer polymers.18  Due to increased order, the 
septamer is likely able to transfer energy more efficiently than the trimer.  However, in 
order to fully understand the transfer behavior, the influence of Förster Resonance Energy 
Transfer (FRET) will need to be theoretically calculated. 
2.4 CONCLUSION 
Variations in bulk films create spectroscopic property differences.  Analyzing the 
materials at the single molecule level can lead to a greater understanding of the electronic 
behavior of these materials.  In this work, we employ a combination of techniques, wide-
field polarization fluorescence imaging and confocal spectroscopy, on linked BEH-PPV 
oligomeric molecules kinectically-trapped within a 6% PMMA film.  Through fitting the 
fluorescence traces of the molecules in the images, it is possible to construct a modulation 
depth histogram that provides a measure of the molecular ordering within the material.  The 
linked trimer BEH-PPV exhibit the lowest average modulation depth values in comparison 
to the pentamer and septamer, correlating to a highly disordered structure.  While the 
pentamer did not show preferential orientation due to the occurrence of modulation depth 
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values being relatively the same from 0 to 1, the average modulation depth of the septamer 
is the highest. 
Though the experimentally determined modulation depth histograms elucidate the 
effect of conjugation length on molecular folding, theoretical simulations offer a method 
to visualize the folded molecular structure.  Although the average modulation depth and 
anisotropy values differ in the experimental and theoretical results, the same trend is seen 
in the values.  By looking at sample theoretical structures at the average anisotropy, we 
confirm that as conjugation length increases from three to five to seven, the molecules 
become more ordered.  The effect of conjugation length is apparent in the single molecule 
spectra of the alkoxy-linked trimer and septamer.  The average single molecule septamer 
spectra is red shifted in comparison to the trimer corresponding to an increase in electron 
delocalization across the polymer that may signal more efficient energy transfer due to 
easier interchain transport.   
Our results indicate that molecular ordering of conjugated polymers can be 
rationally controlled through altering the chemical structure.  Lengthening of the 
conjugated unit, as seen with these linked BEH-PPV oligomers, corresponds to increases 
in order and electron delocalization across the molecule.  These materials are important 
building blocks toward creating more efficient devices such as photovoltaic cells and 
organic LEDs.  Through designing materials with a defined conjugation length and flexible 
linkers, it is possible to create highly ordered materials. 
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Chapter 3: Alkoxy-Linked Altered Side Chain Trimer BEH-PPV Type 
Polymers 
3.1 INTRODUCTION 
 
 
Figure 10: Structures of the alkoxy-linked side chain BEH-PPV trimers with altered 
side chains: tert-butyl (top left), carboxylic acid (top right), and amine 
(bottom). 
Molecular ordering of organic polymers is driven by conjugation length.  In 
traditionally studied polymers like MEH-PPV, the average conjugation length is five to 
seven units.14,15  In order to gain further rational control of molecular folding, other 
elements of synthetic design must be taken under consideration.  The study discussed in 
Chapter 2 employed flexible linkers and conjugation length as a means to direct folding.  
Due to the finding that the interaction of the flexible linker with itself only offered a slight 
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increase in the average modulation depth of the polymers, the Plunkett group designed 
polymers based upon the alkoxy-linked BEH-PPV trimer that altered the middle side chain 
on both sides as shown in Figure 10.  These new side chain polymers include hydrogen 
bonding and bulky side chain moieties to increase or decrease the molecular order. 
 
Figure 11: Potential differences in molecular ordering for the tert-butyl, carboxylic 
acid, and amine materials from left to right. 
In their synthetic design, the Plunkett group included side chains that had the ability 
to hydrogen bond, the amine and carboxylic acid, and to interfere with folding, the tert-
butyl, as a control.  Figure 11 illustrates that the side chain differences may lead to 
alteration in the molecular ordering.  Because of the orientation of the hydrogen bonds, the 
interaction may lead to horizontal stacking in the carboxylic acid BEH-PPV trimer and 
vertical stacking in the amine BEH-PPV trimer.  The orientation of the stacking will change 
the manner in which interchain energy transfer occurs.  To understand the role of hydrogen 
bonding in controlling folding and the effect on optoelectronic properties, these materials 
were studied using wide-field polarization spectroscopy and bulk solution spectroscopy 
techniques.  Information gained from these studies offer insight into how molecular 
structure affects the properties of conjugated materials. 
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3.2 MATERIALS AND METHODS 
Xinju Zhu synthesized and provided the BEH-PPV alkoxy-linked trimers with tert-
butyl (PDI=1.26), amine (PDI=1.48), and carboxylic acid (PDI=1.57).  Due to the 
difference in solubility that arose from changing the side chains on the middle unit of the 
trimer, the polymers were dissolved in two different solvents, tetrahydrofuran and 
chloroform, instead of the typical toluene inside the glove box at 60 ºC.  Subsequently, 
aliquots of solution were diluted in chloroform before finally adding 5 μL of the least 
concentrated solution to a 2.5% poly(methyl methacrylate) (PMMA) chloroform solution.  
The PMMA sample solutions were spin-cast at 2000 rpm for 60 seconds on piranha-etched 
cover slips producing 200 nm thick films.  A blank with pure 2.5% PMMA chloroform 
solution was also prepared to ensure that no fluorescence background was present in the 
PMMA. 
The PMMA films were transferred out of the glove box and placed into a sample 
holder that allowed nitrogen to flow across.  The sample holder was placed on the setup 
described in Section 1.2.3 to collect wide-field polarization images.  Approximately forty 
molecules were in the field of view for each sample.  The results of the MatLab fitting were 
plotted in histograms using Origin. 
0.2 mL aliquots of the sample stock solutions were taken out of the glove box and 
diluted with tetrahydrofuran until the absorbance maximum was less than 0.1.  The 
absorbance of the bulk solutions was measured with a UV-VIS using a 10 mm path length 
quartz cell.  After measuring the absorbance, the cell was placed in the sample holder of 
the fluorimeter.  The samples were excited at 430 nm, and the spectrometer began 
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collecting the emission spectra at 455 nm.  All spectra were normalized to the maximum 
intensity for ease of comparison and plotted in Igor Pro. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Bulk Solution Spectra 
The solution absorption and emission spectra are shown in Figure 12.  The 
absorbance spectra are broad peaks.  The emission spectra all exhibit the same vibronic 
structure of one large peak and 2 small side peaks.   While the emission maximum for the 
hydrogen bonding and tert-butyl trimer BEH-PPV materials are within 0.01 eV of each 
other as displayed in Table 3, the absorbance maxima of the carboxylic acid polymer is 
higher in energy by 0.04 eV and 0.08 eV in comparison to the amine and tert-butyl 
polymers, respectively.  The emission spectra of the tert-butyl and carboxylic acid 
polymers overlap making the spectra indistinguishable in Figure 12.  The tert-butyl 
polymer had the lowest absorbance maximum overall.  The blue shift of the hydrogen 
bonding polymers from the tert-butyl material may be due to a hydrogen bonding 
interaction of the tetrahydrofuran keeping the material more solvated.  However, all of the 
polymers had higher energy absorbance and emission maxima than the unaltered alkoxy-
linked trimer BEH-PPV. 
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Figure 12: Bulk solution absorption and emission spectra in tetrahydrofuran of the 
carboxylic acid (green), amine (yellow), tert-butyl (orange), and BEH-PPV 
trimers (red).  The emission spectra of the carboxylic acid polymer is also 
orange due to the overlap with the tert-butyl polymer. 
The spectral differences between the altered polymers and unaltered polymer could 
be due to the difference in solvent changing the dielectric constant.  The side chain 
polymers were dissolved in tetrahydrofuran (ε=7.52).  However, the trimer BEH-PPV 
polymer was in solution with toluene (ε=2.38).  Previously, a solution based study of MEH-
PPV showed different conformations of the polymer when solvated with toluene and 
tetrahydrofuran due to where the solvent interacts with the polymer, backbone or the side 
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chains.19  Because of the difference in solvent was necessary due to the insolubility of the 
side chain polymers in toluene, it is hard to distinguish the difference that the side chains 
make with respect to the trimer BEH-PPV.  If the BEH-PPV polymer had been measured 
in tetrahydrofuran, the spectrum should be blue shifted based on the published findings on 
MEH-PPV19 and higher in energy than the tert-butyl polymer. 
 Carboxylic Acid Amine Tert-Butyl BEH-PPV16 
Absorbance Maximum 427 nm 433 nm 439 nm 441 nm 
Emission Maximum 498 nm 500 nm 499 nm 506 nm 
Table 3: Wavelengths of maximum absorption and emission for the three side chain 
alkoxy-linked trimers in comparison to the published values of the alkoxy-
linked BEH-PPV trimer. 
3.3.2 Wide-Field Imaging 
 
Figure 13: Distribution of modulation depths of the carboxylic acid side chain trimer 
(left), amine side chain trimer (middle), and tert-butyl side chain trimer 
(right). 
Figure 13 shows the modulation depth (M) histograms of the side chain polymers.  
The histograms consist of a varying number of molecules.  The carboxylic acid histogram 
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contains the modulation depth values for approximately 160 molecules whereas the amine 
and the tert-butyl histograms are constructed from 130 and 300 molecules, respectively.  
Tert-butyl had the lowest average modulation depth (M=0.48) as shown in Table 4 where 
the distribution was skewed toward lower values.  However, values close to one are more 
prevalent than expected likely due to the dimness of the molecules.  The dimness is arising 
from exciting molecules on the red edge of the absorbance spectra causing the modulation 
depth values to be artificially elevated.13  The amine side chain polymer has the highest 
average modulation depth (M= 0.69) with the carboxylic acid having an average 
modulation depth (M=0.65) in between the amine and tert-butyl.  Both hydrogen bonding 
materials seem to trend toward having modulation depths greater than 0.50.  In aggregate, 
the modulation depths show that the tert-butyl trimer tends to fold in highly disordered 
structures while the carboxylic acid and amine trimers form more ordered structures.  
All of the side chain polymers had a higher average modulation depth value than 
the trimer alkoxy-linked BEH-PPV, M=0.39.  It appears that the side chain moieties direct 
molecular folding based on interaction and size.  However, the side chain polymers all 
showed modulation depth values that were higher than 1, which is outside of the acceptable 
0 to 1 range, likely due to the dimness of the molecules in comparison to the background.  
If the laser power was turned up higher, the background in the images increased causing 
the molecules to be harder to distinguish.  The dimness of the molecules is likely coming 
from the excitation wavelength being 488 nm rather than a laser with higher energy such 
as 458 nm. 
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 Carboxylic Acid Amine Tert-Butyl BEH-PPV16,17 
Average Modulation 0.65±0.27 0.69±0.26 0.48±0.26 0.39±0.23 
Table 4: Average modulation depths of the trimer-type polymers. 
Although a similar trend is expected with the tert-butyl polymer having the lowest 
average modulation depth and being the least ordered polymer out of the altered side chain 
polymers, the modulation depth values of the polymers may be artificially raised because 
of studying the polymers with an excitation wavelength toward the red edge of the 
absorption band.  Bounos et. al. found that by exciting with a laser on the red edge of the 
absorption spectra that the modulation depth values are increased due to exciting a small 
subset of chromophores and neglecting higher energy chromophores.13  The imaging 
experiments need to be repeated using with an excitation source near the absorbance 
maxima to collect a more representative distribution by democratically exciting the high 
and low energy molecules.  Nevertheless, a consistent trend exists in our data that shows 
hydrogen bonding can assist in molecular ordering. 
3.4 CONCLUSION 
In this work, we utilize bulk spectroscopic techniques and single molecule wide-
field imaging to characterize a seires of alkoxy-linked BEH-PPV trimers with altered side 
chain.  The bulk absorbance measurements show that the tert-butyl, carboxylic acid, and 
amine materials behave similarly spectroscopically.  The greatest difference in absorbance 
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maxima occurs between the carboxylic acid and tert-butyl materials, 0.08 eV.  All the 
materials possess very comparable emission characteristics within 0.01 eV. 
 Although the side chain materials have very similar bulk spectra characteristics, 
the effect of the interaction between the altered side chains results in differed single 
molecule morphology.  Based upon the mean modulation depth, the tert-butyl material 
tends to form highly disordered structures.  The alkoxy-linked carboxylic acid material has 
modulation depth values that are gathered toward higher values yet is lower than the amine 
material on average.  While the difference is not great, 0.04, it appears than the amine 
material forms the highest ordered structure.  In comparison to the previously obtained 
results of the trimer BEH-PPV (Chapter 2), all of the materials form more ordered 
structures.  However, the bulky side chain of the tert-butyl material should result in a more 
disordered structure than the trimer BEH-PPV.  This discrepancy is likely arising from the 
dimness of the molecules that occurred because of the poor overlap of the excitation source 
with the absorption band of the materials.  The poor overlap results in probing of the lower 
energy molecules on the red edge of the absorption band and may have caused the 
modulation depth values to be superficially high in this study.  The polarization imaging 
of these materials must be repeated with a higher energy laser such as 458 nm. 
The small difference seen in the average modulation depth values of the carboxylic 
acid and amine materials supports that the orientation of the hydrogen bonds may alter the 
stacking of the chromophores.  Although completion of the wide-field polarization study 
at a more appropriate wavelength may still show the amine has higher order than the 
carboxylic acid material, it will not elucidate the difference in stacking.  Further 
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experimental techniques such as confocal spectroscopy will provide assistance in the 
determination.  It would be expected that the amine material has red shifted emission with 
respect to the carboxylic acid material based upon a horizontal stacking structure leading 
to faster interchain energy transfer.  The vertical stacking that is proposed for the carboxylic 
acid material would lead to the side chains separating the chromophores.  However, a 
theoretical FRET study that measures the distance between the chromophores would yield 
a better understanding of how the orientation of hydrogen bonding controls molecular 
interaction. 
While spectroscopic properties seem to mostly depend upon conjugation length in 
these materials, the molecular folding can be controlled through synthetic design of the 
side chains.  By choosing to include side chains with the ability to hydrogen bond, it is 
possible to increase the molecular ordering of the alkoxy-linked trimer BEH-PPV based 
material.  In the quest to create highly ordered materials that have efficient energy transfer, 
consideration of intermolecular interactions of side chains is vital. 
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Chapter 4: Alkoxy-Linked Regio-Regular and Regio-Random Pentamer 
MEH-PPV Polymers 
4.1 INTRODUCTION 
 
Figure 14: The top structure is of alkoxy-linked regio-regular pentamer MEH-PPV.  
The bottom structure is the alternating structure of the regio-random 
pentamer MEH-PPV. 
Energy transport in conjugated organic materials is more efficient in highly ordered 
conformations due to ease of interchain energy transfer.  The molecular conformation 
depends on a number of factors including molecular structure and processing conditions.  
While one of the key driving forces behind molecular ordering depends on conjugation 
length, the configuration and type of side chains may also play a large role by interfering 
or assisting with backbone interactions.  Recently, Adachi et. al. investigated regio-regular 
(RR) and regio-random (RRa) poly(3-hexylthiophene), P3HT, to determine the role of side 
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chain orientation.12  Through studying P3HT, it was found that the regioregularity lead to 
a highly ordered conformations whereas regiorandomness created a disordered polymer.12   
To determine if side chain orientation affects the molecular folding of 
poly(phenylenevinylene) (PPV) type materials, Xinju Zhu synthesized the materials shown 
in Figure 14.  The materials consist of five units of RR or RRa poly(2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylenevinylene), MEH-PPV, linked by tetraethylene glycol (alkoxy).  
In order to discern the conformation differences between the materials, the polymers were 
characterized by measuring bulk absorbance and emission spectra and collecting single 
molecule polarization images as well as accumulating single molecule emission spectra of 
alkoxy-linked RR-pentamer MEH-PPV. 
4.2 MATERIALS AND METHODS 
The alkoxy-linked RR (PDI=2.08) and RRa pentamer (PDI=3.59) MEH-PPV 
polymers were provided by Xinju Zhu.  The polymers were dissolved in toluene at 80 ºC 
inside of a glove box overnight.  For the wide-field imaging and confocal spectroscopy 
measurements, the solutions were diluted in toluene until a 5 μL aliquot of the final dilution 
was added to a 6% poly(methyl methacrylate) (PMMA) toluene solution.  A drop of the 
6% sample solutions were spin-cast on a piranha-etched coverslip at 2000 rpm for 60 
seconds yielding a 200 mm thick film.  A PMMA blank was also prepared to ensure that 
the fluorescence in the samples is from the material and not the PMMA. 
The resulting films were placed inside a sample holder that allowed nitrogen to 
actively flow across and positioned the sample on a microscope objective.  The setup 
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described in Section 1.2.3 was used to collect the wide-field images with about 30 
molecules in the field of view for each series.  Modulation depth data was collected for 
approximately 300 molecules for each sample and fit with MatLab prior to making 
histograms in Origin.  After finishing wide-field imaging, single molecule spectra of 18 
regio-regular molecules from the PMMA sample were collected using the APD and 
spectrometer described in Section 1.2.2.1.  The emission spectra were averaged and plotted 
in Igor Pro. 
For bulk solution characterization, 0.2 mL of each of the stock solutions were taken 
out of the glove box.  The solutions were diluted in toluene until the absorption maximum 
was less than 0.1.  After collecting absorbance spectra with the UV-Vis, samples were 
moved into the fluorometer and excited at 465 nm to collect the emission spectra.  The 
absorption and emission spectra were normalized to the maximum peak in each spectrum 
and plotted together for ease of comparison in Igor Pro. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Bulk Solution Spectra 
 Regio-regular Regio-random 
Absorbance Maximum 470 nm 465 nm 
Emission Maximum 531 nm 532 nm 
Table 5: Wavelengths where the absorption and emission maxima occur for the 
regio-regular and regio-random pentamer MEH-PPV. 
Figure 15 shows the bulk solution spectra of regio-regular (RR) and regio-random 
(RRa) alkoxy-linked pentamer MEH-PPV.  The absorbance spectra for both polymers are 
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broad and similar in shape.  The emission spectra has one main peak and a side peak.  The 
absorbance maxima of the RRa polymer is 5 nm blue shifted from the RR polymer as 
determined through Igor Pro fitting the peak maxima.  While a small difference is present 
between the polymers in the absorbance spectra, only a 1 nm difference exists between the 
emission spectra as shown in Table 5.  For some conjugated polymers like RR- and RRa-
P3HT, the orientation of the side chains appears to influence the solution conformation of 
the polymers because of the RR spectra being far red shifted from the RRa spectra.20  
However, at least at this conjugation length of 5 units, it appears that the orientation of the 
side chains is not significant. 
 
Figure 15: Bulk solution absorbance and emission spectra of regio-regular and regio-
random pentamer MEH-PPV. 
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4.3.2 Wide-Field Imaging 
 
Figure 16: Distribution of modulation depths of regio-random pentamer MEH-PPV 
(left) and of regio-regular MEH-PPV (right). 
Figure 16 displays the modulation depth (M) histograms of the RRa- and RR-
pentamer MEH-PPV.  Each of the histograms is constructed of approximately 300 
molecules.  While it appears that the histograms are very similar, the distribution of the 
RRa polymer appears almost bimodal which may be in part to the molecules either forming 
disordered or ordered conformations but not the slightly ordered average conformation that 
was seen in the theoretical results of the pentamer BEH-PPV material (Section 2.3.1).  
However, as shown in Table 6, the average modulation depth values are within 0.03 of 
each other.  The results contradict the hypothesis that the RRa polymer would have 
significantly greater disorder than the RR polymer.  In comparison to the results of the 
alkoxy-linked pentamer BEH-PPV polymer shown in Figure 7 (Section 2.3.1), both the RR 
and RRa polymers appear to have higher modulation depth distributions based upon the 
shape of the histogram yet the mean values are within 0.01 and 0.02, respectively, of the 
BEH-PPV polymer.  
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 Regio-regular Regio-random 
Average Modulation 0.59±0.24 0.56±0.26 
Table 6: Average modulation depths of regio-regular and regio-random pentamer 
MEH-PPV. 
Although the expectation is that the regio-regularity of asymmetric side chains 
alters conformations due to previous studies on other polymers such as P3HT,12 the 
orientation does not appear to make a significant difference.  In P3HT, the side chains of 
each unit may cause interference if like in RRa-P3HT the side chains overlap.  In contrast, 
neither RR- or RRa-MEH-PPV have side chains that can interfere.  Perhaps if the 
ethylhexyl side chain was moved to a different carbon in the six-membered ring, a 
significant change in the materials properties would result.  However, in these PPV-type 
polymers with alkyl side chains, it appears the driving force for molecular folding is driven 
by the enthalpy lowering interaction of the conjugated backbone. 
4.3.3 Single Molecule Spectra 
Figure 17 shows the averaged single molecule spectra of 18 RR-pentamer MEH-
PPV polymers.  The average emission spectra shows three peaks: two main peaks (530 and 
566 nm) and a shoulder peak (599 nm).  However, the individual spectra exhibit three 
peaks.  The shape of the averaged spectra stems from the molecules having blue or red 
emission.  Although the average conjugation length of single molecule MEH-PPV has been 
experimentally and theoretically determined to be between 5-7 nm, the RR-pentamer 
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MEH-PPV emission maxima is blue shifted by 39 nm.18  The large energy shift, 0.16 eV, 
may be due to the MEH-PPV having a longer conjugation length than the RR-pentamer 
and from an effect of having the conjugation broken by the alkoxy linker. 
 
Figure 17: Average single molecule spectra of regio-regular pentamer MEH-PPV.   
4.4 CONCLUSION 
In this work, we characterized alkoxy-linked RR- and RRa-pentamer MEH-PPV 
through bulk spectroscopic techniques, single molecule wide-field polarization imaging, 
and single molecule confocal spectroscopy.  Although the orientation of the asymmetric 
side chains differs between the RR- and RRa-pentamer materials, the structural change has 
a minimal effect on the bulk solution absorbance spectra shifting the energy lower by 0.03 
eV in the RR-pentamer.  The shift in the emission maxima for both polymers is very slight, 
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less than 0.01 eV.  The spectral properties appear to be guided by the conjugation length 
of the material rather than any interactions between side chains in this case. 
The similarities seen in the bulk solution extend to the behavior of the molecules at 
the single molecule level.  In the modulation depth histograms generated from the wide-
field images, both the RR- and RRa-pentamer have similar average modulation depths with 
a difference of 0.03.  However, the distribution of the RRa-pentamer appears to be bimodal, 
having highly ordered or disordered conformations.  In order to elucidate the meaning of 
the bimodal distribution in comparison to the RR-pentamer, single molecule emission 
spectra must be taken of each material. 
Although the shape of the spectra may change upon collection of data from more 
molecules, the single molecule emission spectra of the RR-pentamer shows an average 
emission maxima peak less than MEH-PPV likely due to the shorter conjugation length 
and the linkers breaking conjugation.  The RRa-pentamer will likely have a nearly identical 
or higher energy average emission spectra.  If the spectra were identical, it would suggest 
that the orientation of asymmetric side chains does not altering molecular folding in MEH-
PPV.  Alternatively, if the average spectra showed the emission maxima at a higher energy, 
the bimodal distribution seen in the RRa-pentamer modulation depth histogram could be 
explained through the molecule having two preferred conformations, the high energy being 
disordered and low energy being ordered.  Analysis of the peak distributions would also 
need to be performed through creation of an emission maxima histogram for each sample.  
Through comparison of the complete experimental results and simulations, it would be 
possible to have a better understanding of the effect of side chain orientation. 
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In many cases, side chain type and orientation alters molecular folding such as in 
P3HT.  However, in these molecules, little to no effect is seen through wide-field 
polarization imaging on the self-assembly of the RR and RRa alkoxy-linked pentamer 
MEH-PPV.  Unlike in MEH-PPV, RRa-P3HT can have side chains on adjacent thiophene 
rings that would interfere sterically causing the polymer to bend breaking conjugation.   
Comparison to alkoxy-linked pentamer BEH-PPV demonstrates that the symmetric (ethyl 
hexyl) or asymmetric (ethyl hexyl or methyl) side chains do not play a significant role in 
controlling chain conformation.  The main driving force in the folding of the materials 
appears to be the interaction of the conjugated backbone that lowers enthalpy. 
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Chapter 5: Conclusion 
Organic conjugated materials possess desirable characteristics for applications such 
as photovoltaic cells and LEDs.  These materials behave differently based upon molecular 
structure as well as processing conditions.  Synthetic design can be employed to rationally 
control the conformation of the materials.  The effect of design elements such as 
conjugation length, flexible linkers, hydrogen bonding side chains, and orientation of 
asymmetric side chains will be explored through bulk spectroscopic techniques, single 
molecule wide-field imaging, and single molecule confocal spectroscopy. 
In Chapter 2, linked oligomeric BEH-PPV with varying conjugation lengths, three 
to five to seven, were investigated.  The trimer was found to have a very low distribution 
of modulation depth values for both the alkoxy- and alkyl-linkers.  While the two pentamer 
materials exhibited values that ranged fairly evenly from 0 to 1, the septamers showed 
mostly high modulation depths.  From the modulation depth values, it was determined that 
molecular ordering improved as the conjugation length increased and linker type had little 
effect.  This effect was confirmed through comparison with simulation results from our 
collaborators in implicit toluene.  Seemingly, the linked BEH-PPV septamer exhibits 
higher ordering than MEH-PPV based upon the average modulation depths.10,17  Π-
stacking of the chromophores in the linked oligomeric BEH-PPV polymers drives 
molecular folding.  Lengthening of the conjugated unit increases the π-interaction and 
enthalpic favorability of the measured kinetically-trapped conformations.   
The increase in the π-interaction of the chromophores due to lengthened 
conjugation has another consequence.  Because of the π-stacking changes, the septamer 
 41 
chromophores have shorter distances between them which facilitates interchain energy 
transfer along the polymer.  This efficient energy transfer is evidenced from a red shift in 
the emission spectra of the alkoxy-linked septamer in comparison to the alkoxy-linked 
trimer.  The red shift shows greater delocalization along the septamer material.  However, 
the need for long range energy transfer in organic materials demands that further structural 
improvements occur. 
 Beyond π-stacking other intermolecular interactions such as hydrogen bonding may 
lead to increased molecular ordering.  Through substituting side chains on the middle unit 
of the alkoxy-linked trimer BEH-PPV (Chapter 3), it is possible to create a new class of 
materials with a bulky side chain, tert-butyl; horizontal stacking side chain, carboxylic 
acid; and vertical stacking side chain, amine.  Although the side chains are altered, only a 
slight shift occurs in the bulk spectral properties.  The greatest difference in absorbance 
maxima is between the carboxylic acid trimer and the unaltered trimer, 0.09 eV.  In the 
emission spectra, both of the former materials show a 0.04 eV shift between them.  The 
similarity of the spectral properties implies that the conjugation length plays a large role in 
controlling spectral shape. 
  Although the experiments need to be repeated with a lower wavelength laser, 
inclusion of carboxylic acid and amine side chains in the alkoxy-linked BEH-PPV based 
trimer appears to positively alter self-assembly in comparison to the alkoxy-linked trimer.  
A small difference in the measured modulation depths of the carboxylic acid and amine 
materials may have arisen because of potential orientations of the hydrogen bonds between 
the units leading to horizontal or vertical π-stacking, respectively.  Quantification of energy 
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transfer in these materials may elucidate the stacked structures further because of shortened 
distances between π-units in a vertical structure.  Through single molecule emission 
spectroscopy, it would be possible to detect an expected red shift of the amine trimer in 
comparison to the carboxylic acid trimer.  The origin of the red shift would arise from the 
differences in chromophore distance as a result of the vertical and horizontal stacking.  
Further confirmation of the conformation differences would need to be determined through 
a collaboration that provides theoretical structures of the materials. 
 In addition to investigating the effect of different side chains, it is important to 
understand how the orientation of asymmetric side chains such as in MEH-PPV and P3HT.  
By utilizing bulk spectroscopic techniques applied to the alkoxy-linked RR- and RRa-
pentamer MEH-PPV (Chapter 4), similarities between the polymers become apparent due 
to the almost overlapping emission spectra and slight red shift of the RR-pentamer 
absorption.  The results of the bulk measurements were combined with single molecule 
wide-field polarization imaging.  Through fitting the molecules’ fluorescence intensities to 
extract the modulation depths, the likeness of the two materials was confirmed because of 
the small change in the average modulation depth values (0.03) and distribution shape.  
While it seems that both molecular structures would have the same conformation, the RRa-
pentamer histogram shape appears almost bimodal meaning that a lack of preference exists 
for a disordered or ordered conformation.   
Deeper investigation into the conformation of the RR- and RRa-pentamer is 
required by collecting single molecule spectra and performing simulations.  Some RR-
pentamer MEH-PPV spectra have already been measured.  The spectra have an emission 
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maxima showing a 39 nm red shift from single molecule MEH-PPV spectra.  This spectral 
shift is likely due to a combination of shorter chromophore length and linkage of the 
chromophores creating a break in conjugation.  If the RRa-pentamer results are highly 
similar to those of the RR-pentamer, it provides more evidence that the orientation of 
asymmetric side chains does not alter conformation.  Alternatively, if a blue shift was seen 
in the RRa-pentamer spectra, it would support molecules forming two preferred 
conformations, ordered or disordered.   
Synthetic control over spectroscopic properties and molecular folding may be 
achieved through fixed conjugation length linked oligomers, inclusion of hydrogen 
bonding side chains, and side chain orientation depending on the class of material.  By 
studying linked oligomeric BEH-PPV, it became apparent that rational control of 
conformation could be achieved through changing chromophore length where increases 
correlated to greater molecular ordering.  Alteration of the least ordered oligomeric BEH-
PPV material (trimer) by substituting the side chains with hydrogen bonding moieties and 
a control established that the inclusion of hydrogen bonding side chains assists in molecular 
ordering.  While side chain regioregularity can have an effect on conformation as seen in 
P3HT, the study of alkoxy-linked RR- and RRa-pentamer MEH-PPV showed that likely 
little to no influence exists in this system.  In the future, a closer investigation of these 
materials may be achieved through superresolution imaging that has 10 to 20 nm resolution 
measuring the molecular shape and localize single emitters.21,22  These demonstrations of 
how molecular structure affects physical properties illustrates the importance of synthetic 
design.  
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